Abstract-One of the main limitations in measuring ground deformation using synthetic aperture radar interferometry (In-SAR) is atmospheric phase delay effects. In volcanic regions, the atmospheric phase delay effects can cause serious problems in detecting volcanic unrest because atmospheric thickness is inversely related with the elevation of a volcanic mountain. It is commonly known that the atmospheric phase screen (APS) can be decomposed spatially into stratified and turbulent components. In this paper, the stratified and turbulent atmospheric conditions of a volcanic area were simulated using weather research and forecasting (WRF) model, and the simulated atmospheric conditions were compared with in situ radiosonde data. The comparison results proved that the stratified APS from the WRF model could reflect the reasonable patterns of seasonal changes and vertical profiles with dependable quality. We also found that the stratified APS was significantly correlated with time and sometimes severely contaminated the quality of volcanic deformation estimation. These results indicate that the temporal high-pass (HP) filtering, which has been usually applied in time series InSAR analysis for extracting and removing APS, cannot work properly in volcanic area. Thus, we propose a new method that employs the stratified APS obtained from the WRF model by correlating with topography and the (residual) turbulent APS that can be effectively eliminated by temporal HP filtering in persistent scatterer interferometry (PSI). We applied the proposed method (atmosphere-corrected PSI) to Advanced Land Observing Satellite Phased Array type L-band SAR data that cover Shinmoedake volcano, Japan, and found that the estimated surface deformation and APS agreed well with those measured from GPS and Moderate-Resolution Imaging Spectroradiometer data, respectively. Index Terms-Atmospheric phase screen (APS), stratified APS, time series interferometric synthetic aperture radar (InSAR), volcano, weather research and forecasting (WRF).
Correction of Atmospheric Phase Screen in
Time Series InSAR Using WRF Model for Monitoring Volcanic Activities I. INTRODUCTION D IFFERENTIAL synthetic aperture radar (SAR) interferometry (DInSAR) has been used to identify volcanic deformation induced by magma migration and accumulation and to measure surface displacement in volcanic areas [1] , [2] . However, measurements from DInSAR usually include several errors, such as those related to phase noise, baseline errors, DEM errors, and atmospheric phase screen (APS) [3] , which reduce the accuracy of displacement information. In particular, atmospheric phase delays are generated when microwaves propagate through the atmosphere and can seriously contaminate differential interferograms. The atmospheric phase delays can produce 10-14-cm errors in deformation measurements as the result of a 20% spatial or temporal difference in relative humidity [4] . Thus, atmospheric effects should be taken into account for accurate surface deformation monitoring. Atmospheric effects in SAR interferometry can be classified into two major groups: turbulent atmospheric phase delays and stratified atmospheric phase delays [3] .
In order to minimize such effects, numerous studies have exploited and developed atmospheric correction techniques. One of these techniques considers that atmospheric disturbances are related to topographic height [5] . Practically, this approach suggests that the atmospheric contribution in interferograms can be modeled by analyzing the phase-elevation relationship using a large number of data sets of interferograms. However, if the magnitudes of the ground deformation and atmospheric phase delay are the same, the deformation and the atmospheric contribution become more indistinguishable because the stratified atmospheric effects are likely to be correlated with the deformation caused by volcanic activities.
Other techniques use auxiliary data sets such as multispectral remote sensing data and meteorological model data. The former technique utilizes the integrated water vapor in the atmosphere provided by multispectral remote sensing data such as the Medium-Resolution Imaging Spectrometer (MERIS) and from the Moderate-Resolution Imaging Spectroradiometer (MODIS) [6] , [7] . This technique was successfully applied in mitigating the atmospheric effect of SAR interferograms. The main advantage of this technique is that the MERIS sensor is an independent sensor from SAR with the same acquisition time, and thus, the atmospheric phase delay in each individual interferograms can be corrected using the retrieved water vapors from MERIS data. However, the limitation 0196-2892 © 2013 IEEE. Translations and content mining are permitted for academic research only. Personal use is also permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
of this technique is the lack of available MERIS data set for retrieving water vapor because the water vapor retrieval algorithms for MERIS and MODIS are sensitive to the presence of clouds. Hence, the cloud-covered area must be masked out, and the remaining area of the images which can be applied to correct interferograms will decrease. Another approach for atmospheric correction uses a weather forecasting model such as the fifth-generation Penn State/NCAR mesoscale model (MM5) and the weather research and forecasting (WRF) model or a global meteorological reanalysis data [7] - [12] . Mesoscale weather forecasting models can predict and resimulate atmospheric conditions using reanalysis data. Furthermore, these models can calculate the atmospheric water vapor contents regardless of cloud presence. However, the accuracy of the predicted water vapor contents can be determined by the quality of the models and their input data. Thus, a careful evaluation of the model results should be conducted whether the predicted values are properly ranged in reasonable values.
In contrast to the aforementioned methods, in the absence of any external data for atmospheric correction, statistical methods exploit the main properties of deformation, DEM errors, noise, and APS [13] , [14] . The main idea for isolating the atmospheric effect from the deformation is that the atmospheric effect is usually generated randomly, whereas the ground deformation is correlated with time. Thus, it was suggested that the temporally uncorrelated atmospheric effects could be mitigated by spectral filtering in time. This assumption, however, is not always valid because the seasonal variation of the atmospheric conditions could still remain. In this case, the residual of the atmospheric effect could be interpreted as deformation.
The atmospheric correction techniques still have several problems in the practical processing. The atmospheric corrections using multispectral data set are usually restricted in many cases due to cloud coverage. The time series InSAR analyses also have problems because the seasonality of atmospheric phase delay is underestimated. The seasonality of atmospheric phase delay can be more severe when the available SAR data set are limited in the region of interest. This study aims to develop a more reliable method of atmospheric phase delay estimation and removal by using the WRF model to estimate the effects of the seasonally changing stratified atmosphere, combined with a time series analysis approach of modeling the turbulent atmosphere as a random process in time. This approach has not been suggested and evaluated for monitoring volcanic activities using SAR data. This paper has the following structure. Section II explains the study area and data set used in this study. In Section III, the atmospheric phase delay simulation using the WRF model is described. Section IV is devoted to the experiment study for investigating the properties of atmospheric phase delay using the WRF model. In Section V, the modified persistent scatterer interferometry (PSI) proposed in this study is applied into the volcanic area where the ground deformation is observed. Additionally, the estimated ground deformation and atmospheric phase delay are validated using the measured ground displacement from GPS and the retrieved atmospheric phase delay from MODIS data. 
II. STUDY AREA AND SAR DATA
In order to illustrate the potential problem of APS and its influence on interferogram, we need to choose an appropriate region where the atmospheric errors in differential interferograms have a similar order of magnitude with ground deformation caused by volcanic activities. Consequently, Shinmoedake volcano-a part of the Kirishima volcano cluster located in Kyushu, Japan-is selected as a target study site of this study (Fig. 1) . Volcanic activity, such as gas emissions and earthquakes, is consistently observed during a series of volcanic eruptions in January 2011. GPS measurements had been monitoring the ground deformation near the Kirishima cluster, and they have revealed that the Shinmoedake volcano had inflated in 2010 before the volcanic eruption. However, their displacements reached only a few centimeters. The estimation of the displacement from the differential interferograms is expected to be contaminated by the significant stratified atmospheric phase delay because topographic height covered by the SAR scene ranges from 0 to 1695 m. As a result, each interferogram would have ground deformation on the same order of magnitude as the atmospheric phase delay. For an accurate measurement of ground deformation at Shinmoedake volcano, atmospheric correction should be applied. Water vapor data from a radiosonde station (47 827 Kagoshima observation) were obtained for comparison and validation of WRF model results.
In this paper, 20 frames of Advanced Land Observing Satellite (ALOS) Phased Array type L-band SAR (PALSAR) descending pass data (track 73) were collected over the study area to measure the ground deformation induced by volcanic activity (Table I) . The data sets, spanning from 2007 to 2011, include a volcanic eruption event. Raw data provided by Japan Aerospace Exploration Agency were processed in single look In order to exploit the properties of atmospheric phase delay effects, we simulated the tropospheric conditions based on meteorological physical dynamics. The WRF model was developed by a collaborative partnership among the National Center for Atmospheric Research (NCAR), the National Ocean and Atmospheric Administration [the National Centers for Environmental Prediction (NCEP) and the Forecast Systems Laboratory (FSL)], the Air Force Weather Agency, the Naval Research Laboratory, the University of Oklahoma, and the Federal Aviation Administration [15] . To simulate the atmospheric phase delay corresponding to the SAR acquisition time, the following procedures were carried out.
A. WRF Model Simulation
The WRF model contains two dynamic cores: the Advanced Research WRF (ARW) core developed at NCAR and the Nonhydrostatic Mesoscale Model developed at NCEP. In this paper, the ARW model (version 3.4) was set up for simulation of atmospheric conditions. The NCEP final analysis (FNL) data were used as the initial and time-dependent boundary condition. The two-way nested domain procedure was carried out at horizontal resolutions of 27, 9, 3, and 1 km. Among these domains, the 1 × 1 km resolution data were used in the calculation of atmospheric delay. The top of the atmosphere was set to 50 hPa with 31 vertical levels for processing. Starting from 6 h prior to the SAR acquisition time to 6 h after the SAR data acquisition, 12-h simulations were conducted.
The main advantage of applying the WRF model into SAR interferometry is that it provides diverse meteorological parameters related to the atmospheric phase delay effects in microwave propagation. The atmospheric refractivity can be divided into four components and is described as [3] , [9] 
7 n e f 2 + 1.4W (1) where N is the total atmospheric refractivity. P , T , and e are the air pressure in hectopascal, air temperature in kelvin, and partial water vapor pressure of the atmospheric column in hectopascal, respectively. n e is the electronic number density per cubic meter, and f is the radar frequency. W denotes the liquid water content in grams per cubic meter. The constant values of
, and k 3 = 3.75 × 10 5 K 2 hPa −1 were used [16] . The first component is the hydrostatic term and is determined by temperature and air pressure. The second term is related to precipitable water vapor (PWV) in the atmosphere. The third term is the liquid water component. The forth term is described by the effect of ionosphere. The forecast meteorological parameters derived from the WRF model such as the air pressure, water vapor mixing ratio (WVMR), and temperature can be directly inserted when calculating the atmospheric phase delay effects with the formula given by
where L d is the total atmospheric delay and θ inc is the incidence angle of the ray.
are the hydrostatic delay, the wet delay, the liquid delay, and the ionospheric delay, respectively. Since the liquid water delay term reaches only a few millimeters in the atmospheric phase delay effect, it can be neglected in the computation of the total atmospheric phase delay effect. The ionospheric delay can also be ignored because the spatial variation of total electrons in midlatitude area is not severe. Therefore, APS in interferograms can be approximated as the following:
where ΔL d is the APS in interferograms and ΔL denote the APS-induced hydrostatic delay term and the wet delay term in the interferograms, respectively. The hydrostatic delay and wet delay were computed using (1) and (2) by employing meteorological parameters such as pressure, temperature, and WVMR extracted from the WRF model.
The use of the WRF model has another benefit because the meteorological parameters can be derived regardless of cloud coverage. In the simulation of atmospheric phase delay using multispectral data, the regions of interest are sometimes uncorrected since MODIS data are usually contaminated by cloud coverage and a large number of pixels must be masked out. However, masking is unnecessary in the application using the WRF model. Moreover, the magnitude of the estimated atmospheric phase delay induced by liquid droplets is ignorable [3] . 
B. Accuracy Evaluation of the WRF Model Results
The accuracy of the computed atmospheric phase delay from the WRF model is essential for evaluating its potential in correcting atmospheric effects in differential SAR interferometry. The accuracy evaluation of the WRF model proceeded in two steps. The first step was a comparison of the vertical profile of the WRF model with radiosonde data. There is only one radiosonde station in the region within the SAR scene. The radiosonde data have been acquired at 00 and 12 UTC, and their temporal difference with the WRF simulation time is approximately 1 h and 30 min.
The vertical distributions of WVMR estimated from radiosonde data and WRF model are shown in Fig. 2 . Unfortunately, the comparison is limited to the one point because of the lack of the radiosonde station. Despite the limited comparison, the results revealed that the simulated water vapor amounts have reliable absolute values in vertical. The integrated PWV (IPWV) values which are calculated from the WRF model predictions are reflective of the seasonality of the wet delay as shown in Fig. 3 . The amount of the IPWV changes seasonally, reaching 5 mm in winter and 70 mm in summer.
The second approach is the evaluation of the spatial distribution of the atmospheric phase delay obtained from the WRF model predictions and from the differential interferograms. Since differential interferograms have wrapped phase information, the APSs measured by differential interferograms do not represent absolute delays. Thus, the relative spatial distribution of APS is a more determinant factor for evaluating the potential of predicting the atmospheric delay and mitigating the APSs from differential interferograms. The radiosonde data cannot be used due to lack of stations in this case. Alternately, the differential interferograms with small temporal baseline and perpendicular baselines were selected for comparison. The chosen differential interferograms have a 46-day interval, and the ground deformation is expected to be negligibly small. Thus, it can be assumed that the shown phase information comes from the difference of the atmospheric phase delay from each pair of SAR imageries [11] , [17] . In addition, errors from the unwrapping procedure can be minimized because of high coherence between pairs of differential interferogram. Fig. 4 shows that the spatial distribution of the simulated atmospheric delay difference from the WRF model agrees well with that of the differential interferogram of the pair of August 30, 2009 Although there are some discrepancies between the simulated atmospheric delays from the WRF model and the different interferograms obtained from SAR data, good agreements at the mountain regions strongly indicate that the stratification of atmospheric delay is well simulated by the WRF model [10] . The unmatched regions of the differences were considered as turbulent atmospheric delay effects, and they will be eliminated in the time series analysis later on.
IV. PROPERTIES OF APS IN TIME AND SPACE

A. APS Estimation Errors in Time Series Analysis
In order to mitigate the APS in differential interferograms and time series InSAR, the properties of APS in time and space need to be understood thoroughly. Time series analysis such as PSI and small baseline subset (SBAS) or the stacking method assumes that the APS is random in time [4] , [13] , [14] . However, the water vapor contents, pressure, and temperature usually vary seasonally. Therefore, we need to reconsider the errors induced by the assumption of the time series analysis methods. For this purpose, several differential interferograms which only contain the APS are generated from WRF model predictions without ground deformation. The phase value in the differential interferograms can be expressed by
where φ W.APS is the phase value in the generated differential interferogram from WRF model between acquisition time of the slave image with respect to that of the master. The subscripts s and m denote the slave images and master image, respectively. λ is the transmitted signal central wavelength. Without any knowledge of parameters such as a ground deformation model and atmospheric condition, it is possible to apply statistical approaches in time series analysis such as PSI and SBAS algorithms. In this paper, the Stanford method for persistent scatterers (StaMPS) was used [18] . The atmospheric phase delay in master image is common in all of the generated differential interferograms. Therefore, the contribution of APS from the master image can be statistically approximated to be the mean value φ W.APS . Under the assumption that APSs occur randomly in time and smooth in space, the high-pass (HP) filtering in time and the low-pass (LP) filtering in space can be used to estimate the APS component. The temporally uncorrelated APS φ NCAPS assumed in the PSI can be expressed as the sum of APSs in the slave images and master image
where H T and L S are the time-weighted HP operator and spatial LP operator, respectively. Theoretically, the nonlinear ground deformation can be obtained by subtracting φ NCAPS from φ W.APS if there is ground deformation in the differential interferograms in PSI [13] . However, the generated differential interferograms from the WRF model only contain the APS. Thus, the residual phase φ res.APS should be ignorable under the assumption of the PSI. Fig. 5 shows the residual phase φ res.APS after PSI processing, and the displacement reaches a few centimeters. This may induce a significant misinterpretation as a ground deformation because the volcanic ground deformation can have the same magnitude as the APS as in this study area. It implies that the APS is insufficient to be explained as only temporally uncorrelated phases.
It should be noted that the residual phase of APS φ res.APS has a correlation with the elevation, as shown in Fig. 5 . Therefore, it is obvious that the APS property analysis should be performed in space and time. For this purpose, the calculated APSs from the WRF model were decomposed into the stratified and turbulent APSs using APS-elevation relationship [3] , [5] . The temporal properties of APS were exploited using spectral filtering. In addition, we applied a ground deformation model for understanding the influence of APS on the accuracy of surface displacement estimation.
B. Experimental Study of the Deformation Modeling and APS Effect in Time and Space
In order to identify which properties of the APS yield the temporally uncorrelated APS and residual phases, several scenarios are examined: 1) differential interferograms that have only ground deformation; 2) differential interferograms that 8 . Time series plots of (a) the sum of ground deformation and total APS, (b) after atmospheric correction using stratified APS estimated from simulated interferograms, (d) after atmospheric correction using stratified APS estimated from the WRF model, and the residuals of the two approaches (c), (e). In each approach, LP filtering was applied on days 720, 365, and 182.
have ground deformation with turbulent APS; and 3) differential interferograms that have both ground deformation and stratified APS. As described in Appendix, the ground deformations used in these scenarios were derived based on the Mogi volcanic model and the GPS measurements. The WRF model predictions were divided into the stratified APS and turbulent APS using the least square method of second-order fitting with the elevation. In each scenario, the time window was set at 2 years, 1 year, and 6 months for time-weighted LP filtering. Fig. 6 shows the spatial distribution of the displacement rate in 2009 of each scenario. In the second scenario, the displacement rate in 2009 is less affected by the turbulent APS which is averaged in time, especially the volcanic region, whereas the stratified APS has a similar spatial distribution with the volcanic deformation and increases the displacement rate in 2009. Therefore, spatially, the stratified APS has a significant influence on the ground deformation caused by volcanic activities rather than the turbulent APS.
In Fig. 7 , the time series of each scenario are plotted. As expected, the ground deformation smoothened with an increase in the temporal filter size in scenario 1 [ Fig. 7(a) ]. In Fig. 7(b) , the turbulent APS is added to the known ground deformation, and the time-weighted LP filtering was processed. Even though the displacement before the time-weighted LP filtering is different from that of scenario 1, the smoothed displacements have a similar trend with that of scenario 1. This case reveals that the turbulent APS occurs randomly at SAR acquisition times and can be mitigated successfully with time-weighted LP filtering as presumed in PSI, SBAS, and stacking methods.
In contrast to the turbulent APS case, the stratified APS affects the quality of ground deformation severely in the volcano region [see Figs. 6(c) and 7(c)]. In spite of applying the timeweighted LP filtering, the smoothed displacement in scenario 3 is still contaminated by the residual of the stratified APS. Therefore, it can be concluded that time series analysis is not an appropriate method for the stratified APS correction. For mitigating the stratified APS from atmospherically uncorrected differential interferograms, two different approaches can be considered. The first is the direct estimation of the stratified APS from phase in differential interferograms and elevation. The second is atmospheric decomposition from auxiliary meteorological data, i.e., the WRF model as in this study. However, the accuracy of the first approach completely depends on the quality of the differential interferograms and spatial distribution of the contributions, i.e., ground deformation and the stratified APS [5] . Fig. 8 shows a comparison of the two approaches in the experiments. The results shows that the first approach might fail in estimating the stratified APS in 2010 because the phase value is sum of the ground deformation and the stratified APS [ Fig. 8(b) and (c) ]. However, the second approach reduces the stratified APS using the external data and the estimation of the stratified APS is possible independent of the differential interferograms [ Fig. 8(d) and (e) ].
The experimental study using the ground deformation model and the APS simulations have the following implications. First of all, in a volcanic area, time series analysis still retains the residuals of the APS, and these effects are mainly induced by the stratified APS. Second, the turbulent APS can be mitigated using time-weighted LP filtering applied in a conventional time series analysis. Lastly, the estimation should be performed using the auxiliary meteorological data for the reduction of the stratified APS. The mesoscale weather prediction model has an advantage to reflect the localized tropospheric conditions.
Based on the simulation results, a more reliable estimation method for APS can be established in time series analysis. Fig. 9 shows the new approach developed in this study for estimating and mitigating APS from differential interferograms. After PS selection using the StaMPS, the wrapped phases have the following contributions:
where W denotes the wrapping operator, φ def is the ground deformation component of the phase, φ stra.APS and φ turb.APS are the stratified APS and the turbulent APS component, respectively. Δφ orb , Δφ DEM , and φ n are the residual orbital error component, the DEM error, and the phase noise, respectively. The DEM error component can be estimated by using the multibaseline differential interferograms. Assume that the ground deformation, APS, and orbital error are correlated with space, and the equation can be rearranged as
DEM error can be estimated using multibaseline interferograms in (8) . The stratified APS in the wrapped differential interferograms can be corrected using the WRF model so that
where δ stra.APS is the difference between the stratified APS in the differential interferograms and the simulated APS from the WRF model. After unwrapping, the phase can be described as the following:
In order to estimate the APS contribution in the master image, the differential interferograms are averaged in time since the APS contribution from the master images is common in all of the differential interferograms. The ground deformation can be set as zero in the master image
T is the time-weighted LP filtering. After the LP filtering, the orbital error and turbulent APS contribution from the master image can be obtained since the ground deformation at the acquisition of the master image is zero. Then, in order to estimate the slave contribution to the turbulent APS and the orbital errors, the following equation can be used:
In the case of the ground deformation estimation, the equation is rearranged as
Therefore, the accuracy of the estimated ground deformation is determined by the amount of δ stra.APS and δ turb.APS . These parameters are directly associated with the quality of the simulated stratified APS and the uncorrelated amount of the turbulent APS in time. In order to minimize these residuals and to improve the accuracy of the estimation, the reliable WRF model predictions and the sufficient SAR data set are required. Nevertheless, the application of the WRF model for mitigating the stratified APS can minimize the effect of the stratified APS on the differential interferograms and improves the accuracy in ground deformation estimation. 
V. ATMOSPHERE-CORRECTED PSI
A. Available Data Set and Data Processing
As introduced in Section II, 20 ALOS PALSAR data were available in a four-year period, including the volcanic eruption event in 2010 (Table I) . Among these data sets, 16 SAR images were selected based on the perpendicular baseline (the critical baseline for L-band SAR interferometry is about 13 km), and the SAR data were processed to interferograms from SLC images. The topographic phases were removed using the SRTM DEM (90 m × 90 m resolution). The SLC of May 27, 2008, was selected as the master image, and 15 interferograms were obtained. The maximum perpendicular baseline was about 3 km, and the maximum temporal baseline was 1058 days. StaMPS identified about 1.5% of all pixels as PSs. DEM errors were calculated iteratively in the algorithm. The maximum DEM error was estimated to be 15 m, and the mean DEM error was about 0.01 m. For atmospheric correction, the stratified APS derived from the WRF model was subtracted from each wrapped interferogram to minimize the unwrapping problem [10] . The turbulent APS in each slave image was estimated using time-weighted LP filtering through 180 days.
The differential interferograms prior to the correction of the stratified APS in each unwrapped differential interferogram have the stratified and turbulent APSs. Fig. 10 shows that the unwrapped phase before correcting atmospheric phase delay is correlated with the topographic elevation. The stratified APS estimated from the WRF model shows a good agreement with the phase in most of the study area except Shinmoedake volcano. It should be noted that this disagreement may include the potential ground deformation at Shimoedake volcano. Fig. 10(c) and (d) Fig. 10(d) ], the phases below 800 m are independent of the volcanic deformation. Thus, these phases might be mainly associated with the turbulent and stratified APS contributions. The relation between the elevation and the simulated stratified APS derived from the WRF model has a good agreement with the phase of the differential interferogram. The phases over 800 m can be described as a sum of the APS and the ground deformation. It implies that the simulated stratified APS derived from the WRF model can correct the phases related to the stratified APS from the differential interferograms. Therefore, the residuals after subtracting the modeled APS from the phases in differential interferograms are mainly correlated with the turbulent APS and volcanic ground deformation. The volcanic activities from May 27, 2008 to March 05, 2011, induce the larger difference between the differential interferogram and the modeled APS. All of these observations strongly support that the estimation of stratified APS is valid and reliable.
B. Comparison Between Conventional PSI and Atmosphere-Corrected PSI
The main conceptual difference between conventional PSI (i.e., StaMPS) and atmosphere-corrected PSI relies on the assumption of atmospheric properties. Conventional PSI assumes that the atmosphere is random and inhomogeneous through time, whereas the proposed method estimates the temporally correlated stratified APS and attempts to correct its effects. This method mitigates small-scale (misleading) displacement induced by the atmospheric phase delay and extracts more accurate volcanic ground deformation on the basis of temporal properties of the stratified and turbulent APS. Figs. 11 and 12 It is worth noting that the estimated residual APS reached its maximum in 2009 (see Fig. 5 ). Thus, the unexpected ground deformation in 2009 can be attributed to the stratified APS. In results of the atmosphere-corrected PSI, the atmospheric effects was reduced, and the maximum inflation caused by the volcanic activity was observed in 2010, as shown in Fig. 12 . This result indicates that the proposed method can mitigate the APS and improve the accuracy of ground deformation estimates. 
C. Validation
In order to validate the results, several tests were performed. The first validation test entailed a comparison of the line-ofsight (LOS) displacement measured by GPS stations and the ground deformation estimated from both methods. The x-, y-, and z-direction displacements from GPS are projected to the LOS for comparison. Fig. 13 shows the time series plots of the GPS measurements located near Shinmoedake volcano and the ground deformations estimated from both methods. The patterns of ground deformation are nonlinear as expected. At the two GPS stations, the atmosphere-corrected PSI gives closer ground deformation to that of the reference ground deformation (GPS) than the conventional method. The rms error between the measurements from GPS and the conventional method was 0.71 cm. However, the rms error decreased to 0.57 cm when applying the proposed method [see Fig. 13(a) ]. The improvement of the measurement accuracy can also be found in another comparison point [see Fig. 13(b) ]. The rms errors changed from 2.41 cm to 1.20 cm. Distinct disagreement with the conventional PSI can be found in the duration from August 30, 2009 to October 30, 2009, owing to a severe effect of the stratified atmospheric phase delay at the SAR acquisition time. Even though the atmosphere-corrected PSI also has some errors on the same date, the errors are significantly reduced and provide evidence for mitigation of the APS. These comparisons support that the proposed method is quite effective in extracting reliable volcanic deformation.
Indeed, the aforementioned validation method might be inadequate for the evaluation of ground deformation at the summit of Shinmoedake volcano because the GPS stations are located below an altitude of 400 m. Another validation test between the conventional and atmosphere-corrected PSIs can be done by comparing the estimated APS with an external and independent source of APS. It is possible to calculate the atmospheric phase delay from the MODIS data [6] . MOD 05_L2 and MYD 05_L2 of MODIS data provide IPWV, and they can be converted to APS using (1) . Although the MODIS data have some limitations in extracting APS due to spatial and temporal differences with SAR data and cloud coverage, they can provide invaluable and independent source of atmospheric conditions. In this paper, the used MODIS data have little cloud cover, and the acquisition time differences from SAR data are only 10 min. In Fig. 14 , the APS, estimated from conventional PSI, shows disagreement with the APS extracted from MODIS data, especially at Shinmoedake volcano. This difference is mainly caused by the stratified APS. However, the atmospherecorrected PSI is quite similar to that estimated from MODIS data, even at Shinmoedake volcano. In addition, it is noted that the spatial variation of the APS from the conventional PSI is similar to that from the atmosphere-corrected PSI, except in mountain regions. The main difference between the conventional PSI and the atmosphere-corrected PSI (proposed method) comes in when dealing with the stratified APS. Thus, lowaltitude flatland can have similar APS in both methods.
VI. CONCLUSION
According to the results of the conducted experiments, the stratified APS can induce significant temporal errors in the estimation of ground deformation when using time series In-SAR techniques. The stratified APS can also cause a spatially misleading conclusion in estimating inflation and deflation of volcano because both volcanic deformation and the stratified APS have correlation with the topographic height. Therefore, atmosphere-corrected PSI is proposed to extract accurate results and has several significance for measuring volcanic deformation. First, the proposed approach is applicable to the time series InSAR from various SAR satellites because it utilizes mesoscale weather forecasting models such as the WRF model. The models implement realistic and localized atmospheric conditions and help overcome the limitations (i.e., cloud coverage and acquisition time difference) of the multispectral remote sensing. Second, errors induced when estimating ground deformation correlated with elevation can be minimized, particularly in volcano regions, because the stratified APS estimated from external meteorological data sets is independent from the phase contributions in differential interferograms. Lastly, atmosphere-corrected PSI reduces the seasonal variation of stratified APS and alleviates strong influence of APS that may occur at a particular time because it exploits the spatial and temporal characteristics of APS. Ground deformation of the volcano then becomes dominant and can be accurately estimated by minimizing and filtering the random APS in the differential interferograms. For these reasons, when the accuracy of an atmospheric model such as WRF supports it, atmosphere-corrected PSI can be more effective in studying volcanic deformation than conventional PSI.
APPENDIX
Volcanic Deformation Model:
We modeled the ground deformation of volcano based on GPS measurements. The Japanese Meteorological Agency has observed volcanic activity at Shinmoedake volcano using continuous GPS stations. The measurements of three GPS stations around Shinmoedake volcano were used in our deformation calculation. For the overall calculation of 3-D displacements, the Mogi model was adopted in this study. The Mogi model requires a few parameters, such as volume change, depth, and horizontal location of the magma chamber [19] . In order to model more distinct volcanic deformation, six-month displacement measurements were averaged. Under the "known" assumption that a magma source is located beneath Shinmoedake volcano at a depth of 3.4 km, we derived the volume changes of the magma chamber using GPS measurements. The Mogi model can compute the horizontal and vertical displacements caused by changes in hydrostatic pressure of a spherical source, assuming a homogeneous and semiinfinite elastic body:
where Δh and Deltal are the vertical and horizontal displacements, respectively. Here, r is the distance between the source and the measurement point, and f and d are the depth of the center of the spherical source and the horizontal distance from the spherical source to the measurement point, respectively. ΔV is the volume change of the spherical source. By using the x-, y-, and z-direction displacements measured by the three GPS stations, we computed the volume change from 2007 to 2011. The calculated volume change was computed to the horizontal and vertical displacements over all grid cells. Three-dimensional displacements in the x-, y-, and z-directions should be converted to the LOS displacement corresponding to the SAR acquisition time. The model results reflect the realistic nonlinear deformation of Shinmoedake volcano.
